A conceptual design of a wide-field near UV transient survey in a 6U CubeSat is presented. Ultraviolet is one of the frontier in the transient astronomy. To open up the discovery space, we are developing a 6U CubeSat for transient exploration. The possible targets will be supernova shock-breakouts, tidal disruption events, and the blue emission from NS-NS mergers in very early phase. If we only focused on nearby/bright sources, the required detection limit is around 20 mag (AB). To avoid the background and optical light, we chose a waveband of 230−280 nm. As an imaging detector, we employ a delta-doped back-illuminated CMOS. In addition to delta doping, the multi-layer coating directly deposited on the detector enables both a high in-band UV QE and the ultra-low optical rejection ratio. Taking into account these specifications, even an 8 cm telescope can achieve the detection limit of 20 mag AB for a FoV larger than 60 deg 2 . We also designed the satellite bus system for this mission by utilizing commercially available cubesat components satisfying the mission requirements.
INTRODUCTION
Ultraviolet (UV) is the one of the last frontiers in the electromagnetic (EM) astronomy. Since 2010, the time domain and multi-messenger astronomy has been perceived as a promising discovery space to find unknown phenomena or objects in universe. The most symbolic target has been the gravitational wave (GW) sources in this decade. The progress of interferometers, such as LIGO, Virgo and KAGRA, has motivated astronomers strongly to develop and automatize observational systems including data analysis pipelines to detect the EM counterparts of GW sources promptly. As a result, those efforts led us to the successful detection of the EM counterpart of GW170817 in 2017. [1] [2] [3] There were several theoretical models predicting red/IR emission due to the existence of neutron-rich material synthesized in the merging process of the neutron star (NS)-NS binary. However the discovered EM counterpart showed rather blue emission in the early phase before showing redder emission due to the kilonova (macronova). At this moment, no one knows the mechanism of the blue emission in the early phase however, this will provide crucial information of the dynamics of merging process and motion of ejecta, that will be related to the origin of short gamma-ray bursts (sGRBs). Moreover the bluer band is convenient to find the EM counterpart in the early phase within 10 hr from the GW detection. This means that an UV wide-field exploration mission will have significant advantages in GW counterpart survey and also in the other sciences.
In spite of the scientific potential as shown above, the UV sky has not been observed with wide-field imagers due to technical difficulties. In fact there have been several space telescopes for near UV band (NUV), OM/XMM-Newton, WFC3/HST, GALEX, UVOT/Swift, andUVIT/Astrosat. Among the above modern UV space telescopes, GALEX has the largest FoV with a diameter of φ1.2
• , which led the detection of an UV flash interpreted to be the direct evidence of a shock breakout going in advance of core-collapse supernova. The first burrier for the UV survey is atmosphere, therefor we cannot observe NUV light bluer than ∼300 nm on the ground. Second obstacle is background. Most of stars are emitting optical light which must be rejected when we observe NUV band. Therefore the detector must have a high UV-transmittance and solar-blind filter. The final burrier is the dead layer of imaging detector. Due to the short absorption length of UV light, the incident photons are photo-absorbed just behind the surface from which most of photo-electrons cannot be collected by the electrodes.
To open-up the unprecedented discovery space, we propose a path-finder mission utilizing a 6U cubesat platform. We have developed micro-satellites since 2000 for technology demonstrations and space sciences. Nowadays, we can purchase cheap and high-performance satellite components via the internet. Utilizing those things, we can develop a satellite system much earlier, easier and cheaper. To pack the instrument in the very small satellite, we must shrink the size of telescope with no change in sensitivity. One of the solutions to overcome those technical problems are "Delta-doping" and an anti-reflection (AR) coatings directly deposited on detector surface developed by the Microdevices Laboratory/JPL, that enables quite high quantum efficiency even in UVband. 5 In this paper, we briefly describe the scientific motivation and then breakdown the mission requirements ( §2). Based on the given constraints, we design the the mission instrument and estimate the performance ( §3). To fullfil the mission requirements, we then design the satellite bus system by using commercially available satellite components ( §4).
MISSION ANALYSIS

Targets
Here we briefly summarize the scientific motivation and the specification of the potential targets of this mission.
Gravitational Wave sources (NS-NS mergers)
As we mentioned in §1, we are greatly interested in the merging process of NS-NS binaries. UV emission may provide the information on the dynamics of high electron fraction, Y e * , ejecta or free neutrons survived under the rapid electron capturing process. 6, 7 Furthermore, the distributions of high-Y e material can explain the relation between the NS-NS mergers and sGRBs of which origins are still unclear. At this moment, we have only one sample of NS-NS merger appeared at ∼ 47 Mpc away from the earth.
1 Taking into account the measured SED evolution of GW170817, 8 the expected brightness of NS-NS merger at a distance of 200 Mpc which is the observable range of aLIGO, would be still brighter than ∼ 20 mag in NUV-band at 0.5 day after the merger. The predicted UV emission from the free neutron decay can be much brighter than that of typical kilonova but the duration will be shorter than an hour. 7 To detect this intriguing emission, we must start observation within an hour from a GW alert.
Supernovae shock breakouts
The final stage of the stellar evolution is another important issue to be solved by UV observations. GALEX discovered the first glimpse of supernova shock breakout(SNSB). 9 The brightness of the core-collapse SNSBs can be crucial information constraining the physical size of the progenitors' photospheres. Tominaga et al. 10 calculated the expected event rate of core-collapse SNe. The expected event rate for a field of view of 100 deg 2 at the detection limit of 20 mag in NUV-band is 3 ∼ 4 events yr −2 . Moreover the follow-up observations with ground-based telescopes provide the information on the historical activities in the terminal phase of massive stars. That can be also key information to solve the big question in astrophysics, namely the high-energy emission from long GRBs that seems to be strongly related to the distribution of stellar winds.
Tidal Disruption Events
When a star is orbiting near around a super massive black hole (SMBH) lying at the center of galaxy, the star will be disrupted by the strong tidal force. The teared stellar material construct an accretion disk around the BH and a jet which can be observed in the energy band from UV to soft X-rays. These activities may be related to the growth process of SMBHs that is one of the most mysterious questions to be solved in astronomy and cosmology. Detection of UV light and following observations can constrain the type of galaxies and stars which produce tidal disruption events. The radiation from those accretion disk continuing from several days to a year that is much longer than the above targets. The expected event rate for 100 deg 2 survey at a depth of 20 mag in NUV band is 2 ∼ 3 yr −1 .
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As might be expected, there are a lot of attractive potential UV transients, Type-Ia SNe, GRBs including their optical flashes, stellar flares etc.
11, 12 Table 1 summarize the event rate assuming a detection limit of 20 mag in NUV-band and a survey area of 100 deg 2 . TDEs Unpredictable a few days ∼ month ∼2 yr −1 100 str
Note-Event rates are calculated with assumptions of a detection limit of 20 mag in NUV-band and a FoV of 100 deg 2 . Table 2 summarize the mission requirements to detect and measure the targets shown above. Among them, GW sources have the most critical requirements: a survey area of ∼ 100deg 2 at a detection limit of 20 mag in NUV-band. Moreover those surveys must be completed within ∼1 hour from the GW detection to clarify the UV emission mechanisms. While SNSBs make more strenuous requirements on the cadence to be higher than 2 hr −1 , as their duration is quite short.
Mission Requirements
Another hard requirement for a small satellite bus is the constant connection to receive GW alerts from the ground. If we detect an UV transient, we must also downlink its coordinate, brightness and the other useful parameters as soon as possible to coordinate follow-up observations cooperating with ground-based observatories and the other satellites. The allowable communication delay is ∼30 min for both uplink and downlink to achieve the science goals.
The sky coverage is another issue. The angular distance of GW170817 from the sun was only 40
• that made the follow-up observations much harder. In fact, we gave up observation due to low elevation and twilight in Japan. If we observe this object a sky coverage of ∼11 str is required. Although space telescopes which are outside the atmosphere can observe the sky near the sun, the telescope must have a huge baffle that will be several times larger than the 6U satellite itself. Moreover the satellite will have a critical (un-safe) attitude when it is pointing around the sun direction in the aspects of power and thermal managements. If we cannot have a baffle due to the limit of payload, the sky coverage will be smaller than 2π str.
The observation efficiency depends on the orbit of the satellite. In UV-band, the earth-shine including OI line (247.1 nm) can be the major background in the dayside of the earth. To avoid this foreground UV photons, in-orbit observations should be scheduled only in the night side of the earth as in the case with GALEX.
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Although a twilight orbit can maximize the observation efficiency but the background is rather high and the half of the sky is always blocked by the earth. Therefore it is not worth the effort searching for rare chances to go to that orbit. There are a lot of flight chances to go to sun-synchronous low-earth orbits for remote sensing satellites. If we can get a ticket for the "regular flights", we can get UV data much earlier. In that case the observation efficiency will be lower than 50 %. In addition we must take into account the time for pointing. If we follow-up GW sources and the other interesting targets discovered, the satellite must have high performance, namely high slew-speed and highly stabilized, attitude control system. The dominant delay will be arise from communication disconnection, therefore the pointing delay should be negligibly short, within ∼ several minutes.
As a conclusion, we expect 3 SNSBs, 2 TDEs, as many as type-Ia SNe, and much more stellar flares in a year. That seems sufficient for a path-finder mission. Taking into account the man power of the satellite team, consists of 15 graduate students, the expected event rate seems reasonable. Considering the calibration phase, the mission life should be 3 years for surely achieving science goals. At least, our satellites that survived under critical phase have lived longer than 5 years. 
Mission Concept
We aim to develop a pathfinder mission therefore our design concept is "Wide and Shallow" and should be launched earlier as soon as possible. That is the reason why we decided to utilize the cubesat platform. It is quite difficult to obtain useful information from far-distant and therefore dim sources with poor photon statistics. We cannot pack a large telescope into our satellite therefore the detected sources will be always bright which can be easily followed up with small telescopes on the ground. Figure 1 describes the mission sequence invoked by a GW detection. If we receive an alert from the GW interferometers, we promptly uplink a command to start follow-up observation to the satellite via communication satellites such as IRIDIUM (Fig1-(1) ). Then the satellite scans the error circle and takes images (Fig1-(2) ). Because the data size of the short burst data of IRIDIUM is quite small, it is impossible to downlink the obtained images in real time. In order to announce the detection of the UV transient within the given allowable delay and to coordinate follow-up observations, the obtained images must be analyzed immediately in-orbit, and then the minimal compressed data of coordinate, magnitude and the other useful information are downlinked in real time (Fig1-(3) ). Then we follow up the UV transient with observatories on ground and in space (Fig1-(4) ). Subsequently, after the follow-up observations, the raw-data is downlinked to our ground stations in the visible pass of the satellite (Fig1-(5) ). While in normal times, the satellite points around the anti-sun and high galacticlatitude region for exploring UV transients such as SNSBs, TDEs and the other sources. If the satellite detects transients, position information will be downlinked in the same way with GW events. 
MISSION INSTRUMENTS
Imager & Filter
The most critical issues to be solved is the development of imaging detector sensitive to UV-band. Moreover to obtain a wide field of view, the detector must be large in size. First we had surveyed commercially available detectors and found several high-sensitive BI-CCDs, however, those detectors require a long readout time and a low operation temperature of liquid nitrogen, that are inconvenient for cubesats. For those issues the micro device laboratory/JPL is developing a low-noise and large-area BI-CMOS imager for UV-band applying the Deltadoping technology. 5 Another key technology for this mission is the direct deposition of AR coating on Si-wafer, that enables a high transmission ratio in UV-band with a quite low optical leakage below 10 −3 simultaneously.
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Hereafter we adopt the dimension of detector, an array size of 4k×4k pixels with a pixel pitch of 12 µm based on the preliminary design in prototyping.
Optical System
Design constraints
In order to realize the UV observation mission earlier, we choose to utilize the cubesat standard, for which various services not only flight components but also softwares, communication services and flight opportunities are available. At this moment the mainstream is 3U or 6U type container with the shortest side length of 116 mm which stringently constrain the size of telescope, namely the diameter of the primary mirror.
At first we considered two choices of optical design: a reflector (Cassegrain) or a refractor. The advantage of Cassegrain is its short tube length therefore numbers of satellites adopt this kind of telescopes. However to widen the FoV, the size of secondary mirror becomes much larger which enlarges obscuration ratio higher than 50 %. Especially in case of small aperture system, the high obscuration ratio will cause a serious impact to the sensitivity. Moreover the supporting structures of Cassegrain optics is rather complicated making the mechanical design and manufacturing much harder. To maximize the number of source photons within the size of satellite and the cost cap, we chose refraction optics. The allowable maximum diameter of the primary lens becomes φ80 mm taking into account the vibration and shock proof lens supporting structures.
Wavelength band
The observed wavelength band can be flexibly controlled by the tuning of AR coat, however the achromatic correction of telescope becomes much harder at a wavelength shorter than 230 nm due to the limited choices of optical materials. We therefore chose 230∼280 nm band which covers the intermediate band between NUV of GALEX and UVW1 of UVOT/Swift.
In preparation for ray-trace simulation, we defined the observed source spectrum. We therefore assumed a blackbody with a temperature of T = 10 4 K emulating SNSBs penetrate through the 5-layer metal-dielectric coating described in Hennessy et al.(2015) .
14 The optimization of the optical design was performed for the wavelength band in which 3-σ of the penetrated photons are distributed.
Focal length
Next we considered the focal length which determines the plate scale. In the aspect of the event rate, the wider FoV is better because the surveyed volume becomes larger. In addition the focal length also constrained by the size of the satellite, the tube length therefore must be shorter than 300 mm. On the other hand the imaging detector has a finite spatial resolution of 12 µm. To distinguish a transient source from the nearby stars and measure the flux of the object by aperture photometry, the focal length must be longer than a lower limit constrained by the stellar surface density.
Based on the NUV source catalog measured by GALEX, we estimated the stellar surface density in NUV-band in high galactic latitude region. Based on the experiences of ground based telescope, 15 detection limit of point sources is σ ∼ 2, below which even the defacto standard software "Source Extractor" fails detecting sources. Assuming a design goal sensitivity of 20 mag at σ = 5, the magnitude of a star with a confidence level of σ = 2 becomes 21 mag. Then we counted up the stars brighter than 21 mag within the FoV of GALEX and obtained a stellar surface density of 451 deg −2 . Empirically the aperture photometry method cannot be applied to stellar crowded images with a number density higher than 3000 stars per 10 6 pixels due to the contamination from the nearby objects. Therefore the allowed angular size of a pixel must be smaller than 9.28 arcsec. Consequently the lower limit of the focal length is 267 mm. Table 3 summarize the specification of the optical design. Within those constraints we optimized the optical system. The resultant telescope consists of 8 elements including two aspherical surfaces to obtaining a wide field of view. Upper panel of Figure 2 shows the ray diagram of the UV telescope. The convex lenses are made of CaF 2 while the concave lenses are made of fused silica. In front of the detector a protective glass plate is inserted. The all surfaces of those optical elements are AR coated and the resultant throughput ratio is higher than 90 % in NUV-band.
Ray-trace simulation
Lower panel of Figure of 2 shows the spot diagram at various position on the detector. The RMS diameter of the spot is smaller than the pixel size at the field within 20 mm from the optical axis. At 24 mm from the axis, the PSF seems somewhat elongated and the RMS spot size is still smaller than the pixel size. At the corner of the detector, 28∼34 mm from the axis, the PSF appears distorted asymmetrically and the the PSF spreads over 2 pixels. The detector attached to the optical system physically covers 106 deg 2 and the Field size of the useful image will be larger than ∼60 deg 2 . This means only two-points tiling can cover 100 deg 2 . 
Performance Estimation
Finally we estimate the detection limit taking into account the optical design shown above. In this calculation we assumed a readout noise of 2 e − (RMS) and a dark current of 0.5 e − s −1 pixel −1 at a temperature of −20
• C based on a commercially available BI-CMOS detector. As the external noise sources, we considered the zodiacal light and the earthshine including geocoronal emission lines. Those are the dominant background light in UV-band 16 and we also considered their optical components may leak through the AR coating, namely "red-leak".
For this calculation we referred the spectral intensities of those sources shown in "STIS Instrument Handbook." 17 The assumed conditions are the earthshine at 38
• from the limb of the day side of the earth and the relatively high zodiacal light of m V = 22.1 arcsec −2 . Thanks to the excellent properties of the AR-coat, the estimated background event rate is lower than 0.07 events s −1 pixel −1 which is almost negligible comparing with the other noise components. While the dominant noise sources are the dark current and the readout noise of the assumed detector. In this calculation we assumed a single exposure time of 10 s to avoid blurring due to the unstability of the satellite and cosmic-ray events. Therefore the equivalent noise charge for a combined image for 1800 s becomes 26.8 e − (RMS). While the shot noise caused by the dark current is 31.6 e − (RMS). Assuming an aperture radius of 1.6× PSF FWHM (= 1.56 pixel), the total noise charge amounts to 118.9 e − (RMS), and the expected detection limit achieves 20.0 mag(AB) at λ = 250 nm assuming a source spectrum of 10 4 K blackbody.
It should be noted that the resultant sensitivity is just on the borderline of the mission requirement. There are a lot of possible causes of degradations: increase of dark current, de-focusing due to the temperature variation, disturbance of the satellite attitude, and the other unexpected troubles. To deal with unexpected degradations we should consider the lower operation temperature and further optimization of the specification of AR-coating to increase the signal to noise ratio. In addition the pairing of CaF 2 and fused silica cannot compensate the temperature dependent focal-shift in UV-band, amounts to several tens of µm per kelvin. To deal with this inconvenient character, we have to consider adopting a movable focusing stage which can be a failure point.
Data Acquisition
Data acquisition system including the embedded software is the another issue to be considered. The 4k image detector generates 32 MByte image every 10 s. The data acquisition system must be capable of handling those data stream. Then the data must be reduced and compressed because the narrow bandwidth of satellite does not allow us to downlink whole raw data to the ground. As the required exposure time is longer than 1800 s, the obtained image should be combined to reduce the data size and for rejecting cosmic-rays at the same time.
We had already developed a data analysis pipeline for the robotic telescope for GRB follow-up on the ground. The satellite should have simplified version of the pipe-line. Note that the most complicated processes on the ground are treatments of temporally changing weather conditions. In terms of that, the on-board software can be simplified and automatized.
The next step is detection of transient sources by comparing with the UV source catalog or with the observed image just before. Recently, most of observatories on the ground employ the image subtraction method to detecting transient sources, however a high computational cost makes it difficult to use the method in space missions. Therefore we plan to comparing the results of photometry. For those analysis we have developed a high performance on-board computer for a demonstration of real-time image recognition in-orbit launched in 2018. Moreover we also developed software for point source detection, and star identification algorithm for demonstration of star tracker system. Based on those technologies we are designing the data acquisition and analysis system. 
SATELLITE SYSTEM
The satellite is comprised of four subsystem: Communication/Command & Data Handling (Comm/C&DH), Attitude Determination and Control system (ADCS), Electric Power system (EPS) and Structure/Thermal. Table 4 summarize the specification of the satellite bus system. To reduce the cost and risk we utilize commercially available qualified cubesat components if available.
Comm/C&DH system
As the C&DH we must choose a radiation proofed CPU to avoid unexpected troubles caused by single event effects. There are a lot choices of CPU board. For the daily command operation via the Tokyo Tech ground station, the satellite has an UHF/VHF transceiver. In addition, we employ an IRIDIUM transceiver to notify ground facilities when the satellite detects UV transients. This transceiver also support uplink when the GW interferometers detect a GW candidate. The packet size of the short burst data of IRIDIUM is enough to send the coordinate information. Moreover several satellites have already demonstrated the transceiver in space. We can expect connection with the satellite more than once in every 30 minutes. 18 For telemetry downlink we also employ an S-band transmitter with a bandwidth of > 1 Mbps.
Attitude Determination and Control system
One of the most challenging system requirements is the attitude stability higher than 10 arcsec during exposure time. In previous satellite project we developed an ADCS by ourselves however the cost efficiency was quite low. To reduce the developing time and suppress the risk of technical trouble, we plan to utilize cataloged ADCS. One of the candidate is produced by Blue Canyon Technology. "XACT" has a 10 arcsec pointing accuracy within a size of 0.5 U and 0.9kg, satisfies the requirement for both of bus system and science mission.
Electric Power System
The science mission requires 13 W including a survival heater maintaining the temperature of the optical system and an active cooling system for the imager to reduce the dark current. In addition to the payload the satellite bus system requires ∼10 W in the nominal operation mode and the maximum power consumption of the satellite reached 31 W during S-band downlink. Assuming a sunshine duration of 60 min per orbit, the required power generation is 42.1 W, that requires four deployable solar array paddles to secure the power generation. For the stable observation in the night side, the satellite have a 100 Wh Li-ion polymer battery assembly.
Structure and Thermal system
The external dimensions are designed according to the cubesat standard. CaF 2 in the telescope is a fragile material therefore the lens support structure was designed very carefully based on the design of Hodoyoshi-1 satellite. As the lens cell structure is sensitive to the external pressure the top-ring of the telescope cannot contact the satellite structure. The main body frame is therefore supported by the dividing panel in order to maintain the spacecraft structure and the telescope, since the main body is hard to secure the rigidity by the enclosure. As for thermal design, part of the main body surface is covered by silver Teflon to appropriately radiate the internal heat. Figure 3 describes the layout of satellite components successfully packed into a 6U cubesat spacecraft.
Ground Stations
We have developed ground stations for operations of previous small satellite projects. In Tokyo Tech, we have UHF/VHF Yagi antennas for uplink for daily operations and checking housekeeping data. We can also use φ2.4 m dish for S-band communication in ISAS/JAXA. We installed a band pass filter and a demodulator for our previous satellite project. We will use the same waveband for which the frequency coordination was already approved. To downink the image data faster we plan to use φ2.4m dish in the Singapore station in cooperate with Massachusetts Institute of Technology. Those two S-band stations enable downlink of hourly images. 
CONCLUSION
We designed a wide-field UV exploration satellite within constraints of 6U cubesat to realize the observation mission as soon as possible. Alghough the maximum diameter of the primary lens is rather small, φ80 mm, the advanced detector technologies of the delta-doping and the AR-coat directly deposited on the wafer enable the exploration mission surveying ∼60 deg 
